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additional a helix at the C terminus and its implications for
interaction with insect sodium channels
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Background:  Scorpion neurotoxins, which bind and modulate sodium
channels, have been divided into two groups, the α and β toxins, according to
their activities. The β-toxin class includes the groups of excitatory and
depressant toxins, which differ in their mode of action and are highly specific
against insects. The three-dimensional structures of several α and β toxins have
been determined at high resolution, but no detailed 3D structure of an
excitatory toxin has been presented so far.
Results:  The crystal structure of an anti-insect excitatory toxin from the
scorpion Buthotus judaicus, Bj-xtrIT, has been determined at 2.1 Å resolution
and refined to an R factor of 0.209. The first 59 residues form a closely
packed module, structurally similar to the conserved α and β toxins (‘long
toxins’) affecting sodium channels. The last 17 residues form a C-terminal
extension not previously seen in scorpion toxins. It comprises a short α helix
anchored to the N-terminal module by a disulfide bridge and is followed by a
highly mobile stretch of seven residues, of which only four are seen in the
electron-density map. This mobile peptide covers part of a conserved
hydrophobic surface that is thought to be essential for interaction with the
channel in several long toxins.
Conclusions:  Replacement of the last seven residues by a single glycine
abolishes the activity of Bj-xtrIT, strongly suggesting that these residues are
intimately involved in the interaction with the channel. Taken together with the
partial shielding of the conserved hydrophobic surface and the proximity of the
C terminus to an adjacent surface rich in charged residues, it seems likely that
the bioactive surface of Bj-xtrIT is formed by residues surrounding the
C terminus. The 3D structure and a recently developed expression system for 
Bj-xtrIT pave the way for identifying the structural determinants involved in the
bioactivity and anti-insect specificity of excitatory toxins.
Introduction
Scorpion neurotoxins that bind and modulate sodium chan-
nels have been divided into two groups according to their
activity [1]. The α toxins bind in a voltage-dependent
manner and modulate the sodium current inactivation
stage, whereas binding of β toxins is voltage-independent
and interferes with the sodium current activation stage [2].
The β-toxin class includes the groups of excitatory [3] and
depressant [4] toxins that are highly specific against insects.
Excitatory toxins induce repetitive firing of motor nerves,
stemming from presynaptic activity associated with an
increase in the sodium current and with a delay in turning it
off [4,5]. Two 70-residue excitatory toxins have been
sequenced so far, namely Androctonus australis Hector insect
toxin (AaHIT) [3] and Leiurus quinquestriatus quinquestriatus
insect toxin 1 (LqqIT1) [6], and found to be very similar.
Two others, Androctonus mauretanicus mauretanicus insect
toxin (AmmIT) and Buthotus judaicus insect toxin 1 (BjIT1),
have been identified but not sequenced [7]. In the excita-
tory toxins of known sequence, the location of one of the
four disulfide bridges conserved in α and β scorpion toxins
is shifted [8]. AaHIT and other excitatory toxins bind with
high affinity (Kd = 1–3 nM) to a unique binding site on the
insect neural membrane [9]. The ability of the β toxin
Tityus serrulatus toxin VII (TsVII) to displace AaHIT from
its binding site on fly and cockroach central nervous system
neural membranes suggests a possible structural relation-
ship between excitatory toxins and β toxins [10,11].
The anti-insect specificity and prominent bioactivity of
excitatory toxins render them invaluable tools for studying
sodium-channel gating in insects [12] and for developing
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means of pest control [13–17]. Lack of structural informa-
tion on excitatory toxins has, however, limited the under-
standing of the structural principles underlying their
function. Although the detailed 3D structure of several α
and β toxins has been determined by crystallographic and
solution studies [18–23], of the excitatory toxins, only the
secondary structure and overall fold of AaHIT have been
presented so far [24,25]. It is likely that a major obstacle to
structural studies on excitatory toxins is the difficulty in
obtaining large quantities of highly pure and conformation-
ally stable proteins, as was our experience with handling
the AaHIT homologue from Leiurus quinquestriatus hebraeus
(Lqh). We have recently developed an expression and
purification system that yields milligram amounts of a fully
active and stable excitatory toxin from the scorpion Butho-
tus judaicus (Froy et al., unpublished results), Bj-xtrIT,
which has paved the way for structural studies on the class
of excitatory toxins.
Herein, we describe the 3D structure of Bj-xtrIT as deter-
mined by a crystallographic study at 2.1 Å resolution.
Although a large portion of the toxin is structurally similar
to the α and β toxins, a most surprising feature is a com-
plete reorganization of the C-terminal part, highlighted by
the formation of an additional short α helix. The helix is
firmly tethered to the main body of the toxin by a non-
conserved disulfide bridge (see below) and by strong non-
covalent interactions. The C-terminal helix is followed by
a stretch of several highly mobile residues that are appar-
ently essential for the toxin activity (Froy et al., unpub-
lished results). We discuss these intriguing structural
aspects of Bj-xtrIT in relation to the structures of the
known α and β toxins, and allude to their potential impli-
cations on the activity of excitatory toxins.
Results and discussion
Structure determination
The structure was solved by the method of single iso-
morphous replacement combined with anomalous signal
(SIRAS). The high phasing power of the heavy-atom
derivative (Table 1; see the Materials and methods section)
led, after solvent flattening, to an electron-density map
of excellent quality, as shown in Figure 1. The figure
displays the fit between the final model and the solvent-
flattened SIRAS map around residues 66–69, which, as
discussed below, are part of the C-terminal α helix
unique to Bj-xtrIT. All but three residues at the C termi-
nus could be traced unambiguously in the electron-
density map. The final R value is 0.209 with excellent
model geometry (see Table 1).
The overall structure
The picture emerging from analysis of the structures of α
and β scorpion toxins is of a common structural motif that
serves as a scaffold for presenting interaction surfaces made
up of differently distributed key residues to the channel
[18–23]. Thus, a fairly conserved patch of aromatic residues
(termed the ‘conserved hydrophobic surface’ or CHS [18])
along with a variable distribution of charged residues on
the toxin surface have been suggested as key elements in
eliciting the different activities of α and β toxins [18,19,25].
The canonical structure of the long scorpion toxins of α
and β types has been firmly established by detailed crystal-
lographic studies at high resolution on Androctonus australis
Hector toxin II (AaHII) [18] and Centruroides sculpturatus
Ewing variant-3 (CsE-v3) [19]. The prominent motifs of
this fold (see Figures 2–4) are a short α helix packed
against an antiparallel three-stranded β sheet and four con-
served disulfide bridges maintaining the integrity of the
entire  structure. With this in mind, it is interesting to
analyze the structure of Bj-xtrIT by emphasizing its novel
structural aspects, as well as pointing out the similarities to
known structures.
Bj-xtrIT is six residues longer than the other excitatory
toxins of known sequence (three variants of AaHIT and
two of LqqIT). It shares 44–49% sequence identity with
AaHIT and LqqIT, which share 85–89% sequence iden-
tity with each other. Figure 2 shows a structural sequence
alignment of the excitatory toxin Bj-xtrIT with AaHII
as a representative of α toxins and CsE-v3 representing
β toxins [18,19]. Also included in the alignment is
AaHIT, the first excitatory toxin to be discovered [3]. It
should be stressed that this alignment takes conservation
of structural elements rather than just sequence similar-
ity into account and it is therefore somewhat different
from alignments published previously (e.g. [24]). Figure 3
depicts the chain trace of Bj-xtrIT. Figure 4 compares
Bj-xtrIT with AaHII and CsE-v3, all of which are pre-
sented in the same orientation to emphasize the similar-
ity in overall fold of the canonical helix–sheet elements,
in contrast to the conspicuously different topology of the
C-terminal region of Bj-xtrIT. The addition of the C-ter-
minal portion makes Bj-xtrIT ~10 Å longer in one direc-
tion (the vertical direction in Figure 4), without changing
significantly the dimensions in the other directions. For
convenience, the structure of Bj-xtrIT will be described
as consisting of an N-terminal module (residues 1–59),
followed by a unique C-terminal extension spanning
residues 60–73.
The N-terminal module 
As can be seen in Figure 4, the N-terminal module closely
resembles the known structures of the α and β scorpion
toxins [18,19]. Residues 2–5, 39–43 and 46–52 form an anti-
parallel three-stranded β sheet, whereas residues 24–34 fold
into an α helix. The β sheet and α helix adopt a topology
similar to that of the equivalent elements in AaHII and
CsE-v3 [18,19]. With only minor variations, the α helix and
β strands in each of the three proteins span the same
number of residues. Superposition of the Cα atoms of
residues 2–7, 13–16, 25–32, 39–43, 46–50 of Bj-xtrIT with
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the Cα atoms of the equivalent residues in AaHII and
CsE-v3 (Figure 2) yields a root mean square deviation
(rmsd) of 0.54 Å. The structural similarity of Bj-xtrIT and
AaHII or CsE-v3 extends, however, beyond the boundaries
of the well-defined β sheet and α helix regions. The rmsd
after iterative fitting [26,27] of the mainchain atoms of
Bj-xtrIT and CsE-v3 is 0.89 Å for 52 residues. Similar
superposition with AaHII yields an rmsd of 0.87 Å for 49
residues. Most notably, the mainchain atoms of a continu-
ous stretch of 22 residues in Bj-xtrIT (residues 37–59),
spanning strands β2, β3, the short interconnecting turn
and six more residues towards the C terminus, are most
similar to residues 36–58 in CsE-v3. This is at variance with
the equivalent stretch in AaHII, where an insertion of five
residues (Figure 2) introduces a sharp kink in the path of the
mainchain leading from strand β2 to β3 (Figures 3 and 4).
As could be expected, the differences between the Bj-xtrIT
structure and that of AaHII and CsE-v3 are mainly in
regions of loops and turns, such as residues 8–12, residues
17–23 and 32–36. Most interestingly, residues 19–22 in the
segment preceding the conserved α helix in Bj-xtrIT
(marked as α1 in Figures 2 and 4b) form one turn of an α
helix (α0 in Figures 2 and 4b). This stretch is part of a
five-residue insertion in the Bj-xtrIT sequence relative to
AaHIT and AaHII and a two-residue insertion relative to
CsE-v3, but only in Bj-xtrIT is the local topology helical.
The break in the helical structure between α0 and α1 in
Bj-xtrIT is probably due to the presence of Pro24, which
is the first residue in the α1 helix (Figures 4 and 5).
The integrity of the α and β toxins is maintained, to a
large extent, by a conserved arrangement of four disul-
fide bridges (Figures 2 and 4; [18,19]). Three of these
disulfide bridges are conserved in all scorpion toxins,
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Table 1
Data collection, processing and refinement statistics.
Native Au* derivative
Data collection
Resolution (Å) 20–2.1 20–2.1
Number of reflections
total 87,867 90,982
unique 4927 4952
Completeness (%)
overall 96.2 95.9
last shell† 79.8 84.7
R sym‡ (%)
overall 5.5 7.4
last shell† 24.6 21.4
Phasing 
Resolution (Å) 12–2.1
R derivative§ 0.26
R cullis¶
acentric 0.48
centric 0.47
Phasing power#
acentric 2.95
centric 2.01
Figure of merit
acentric¥ 0.63 (0.55)
centric¥ 0.60 (0.58)
Refinement for F > 2s(F)
Resolution (Å) 20–2.1
Number of reflections 4786
R cryst 0.209
R free** 0.256
Number of atoms†† 664
Deviations in bond
lengths (Å) 0.0056
angles  (°) 1.337
*The compound used was KAu(CN)2. †Resolution of last shell
2.18–2.1 Å. ¥Numbers in parentheses refer to data in last shell,
2.34–2.1 Å. **Number of reflections in test set 496. ††Including 71
water molecules with B factors < 75 Å2. ‡R sym = 100 ×
ΣhΣi|Ii(h)–<I(h)>|/ΣhΣiIi(h), where Ii(h) and <I(h)> are the ith and the
mean measurement of the intensity of reflection h, respectively. §R
derivative = Σ|Fph–Fp|/ΣFp. ¶R cullis (Cullis R factor) = E/Σ|Fph±Fp|,
where E is residual lack of closure error, Fph and Fp are derivative and
native structure factor amplitudes, respectively. #Phasing power =
<Fh>/E, where <Fh> is the average heavy atom structure factor
amplitude and E is the residual lack of closure error.
Figure 1
Superposition of residues 66–69 in helix α2 of the final Bj-xtrIT model
on the solvent-flattened SIRAS map, contoured at 1σ level. The figure
was prepared using the program O [35].
including the group of insect-selective excitatory toxins.
As could be expected, the three conserved disulfide bridges
in Bj-xtrIT, (Cys16–Cys42, Cys27–Cys47 and Cys31–Cys49
labelled as 1, 2 and 3, respectively, in Figure 4) stabilize
the N-terminal module; (see  Figure 2 for the corre-
sponding cysteines and disulfide bridges in AaHII and
CsE-v3). The fourth disulfide bridge (Cys43–Cys69) in
Bj-xtrIT is shifted from its conserved position in α and β
toxins (Cys12–Cys63 in AaHII and Cys12–Cys65 in CsE-
v3; Figure 2), towards the C-terminal part. In most cases,
sequence alignments of the excitatory toxins with α and
β toxins have co-aligned the last cysteines of the excita-
tory toxins with those of the α and β toxins (e.g. Cys64 in
AaHIT with Cys63 of AaHII; Figure 2, [2,24]). Conse-
quently, it was concluded that only one half-cystine, for
example Cys12 of AaHIT, is shifted from its conserved
position 12 in α and β toxins (Figure 2) to another posi-
tion — 38 in AaHIT, while leaving fixed the other half-
cystine. As our study clearly shows, however, there is no
structural justification for such an alignment of the last
cysteine (Cys69) in Bj-xtrIT because, after superposi-
tion, it is very far away from the location of the last cys-
teines of AaHII and CsE-v3. An alignment similar to the
one shown in Figure 2 was used in the modeling study
on AaHIT [25].
The positions of the residues surrounding the shifted
disulfide bond in Bj-xtrIT have not been affected by the
rearrangement of the disulphide bridges. After superpo-
sition, as described above, the Cα position of Lys12 in
Bj-xtrIT lies less than 0.9 Å from the Cα of Cys12 of
AaHII and CsE-v3, while the Cys43 Cα in Bj-xtrIT is
less than 0.4 Å from the Tyr42 Cα of CsE-v3 and less
than 1 Å from Gln37 Cα of AaHII (see Figure 2 for align-
ment of these residues). It should be noted, however,
that Lys66 in Bj-xtrIT and Cys64 of AaHII (or Cys65 of
CsE-v3; Figure 2) are far apart, possibly because the
structures have diverged already at residue 59. Interest-
ingly, the two cysteines of the nonconserved disulfide
bridge in α and β toxins have been replaced by lysines in
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Figure 3
Stereoview of the Cα plot of Bj-xtrIT.
Secondary-structure elements are colored as
in Figure 2. Disulfide bridges are in magenta
and the loops, turns and unstructured regions
are in cyan. The figure was prepared using the
program MOLSCRIPT [45].
Figure 2
Structural sequence alignment of Bj-xtrIT with
AaHIT, AaHII and CsE-v3. Regions of
conserved secondary structural elements are
shown in green (β strands) and red (α helix).
The α helices unique to Bj-xtrIT are shown in
blue. Cysteines in conserved disulfide bridges
are marked by paired triangles colored red,
green and blue for disulfide bridges 1, 2 and
3, respectively (see text). Nonconserved
disulfide bridges are represented by green
circles for α and β toxins and by red circles
for Bj-xtrIT. The figure was prepared using the
program ALSCRIPT [43]. Residues are
numbered according to the Bj-xtrIT sequence
(bold, above) and CsE-V3 sequence (italics,
below). Boxed residues are colored according
to increasing conservation of physico-
chemical properties [44] from yellow, through
orange, to magenta.
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the excitatory toxins (Figure 2), but the reason for this
particular change is not obvious.
The C-terminal extension
A stretch of residues (53–62) adopting a coil topology
links the end of the β3 strand in the N-terminal module
to the α2 helix in the C-terminal extension (Figures 3
and 4). This part of the Bj-xtrIT structure that spans
residues 60–73 has both a functional importance and an
exceptional appearance in the context of the conserved
structure of α and β toxins. Pro60 has been designated as
the first residue of the C-terminal extension because,
when superposed, the Bj-xtrIT structure diverges
sharply from the structures of AaHII and CsE-v3 at this
point. It is also at this point that the C termini of AaHII
and CsE-v3 begin to deviate from one another [18,27].
Several hydrogen bonds to residues in the β1 strand
stabilize the interconnecting coil spanning residues
53–62 in Bj-xtrIT; these include hydrogen bonds from
Lys2 Nζ to Asp54 O and Lys56 O, from Pro57 O to Leu7
N and between Gly59 N and Tyr5 O. Hydrogen bonds to
surrounding water molecules and internal hydrogen
bonds within this stretch add to its stabilization.
The one and a half turn helix α2 (Figures 2–5) begins at
Asp63 and ends at Cys69, which participates in the non-
conserved disulfide bridge (Figures 2 and 4). The helix
begins to unwind at Asp70, after which it becomes com-
pletely unstructured. The conserved α1 helix and the α2
helix lie on opposite sides of the three-stranded β sheet.
Although the axes of both helices are almost parallel to
the mean plane of the β sheet, they are almost perpendic-
ular to one another (Figure 5). Helix α2 crosses the β1
strand between Gly4 and Tyr5, with its terminal Cys69
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Figure 4
Overall structures of (a) CsE-v3, (b) Bj-xtrIT and (c) AaHII, viewed
in the same orientation. Structural elements of Bj-xtrIT are in the
same color scheme as in Figure 2. On each panel, the disulfide
bridges are numbered 1–3 for conserved and, 4 for nonconserved
(see text and Figure 2). The figure was prepared using the program
MOLSCRIPT [45].
Figure 5
Stereoview of the elements responsible for
the stabilization of the C-terminal α2 helix.
Residues conserved in excitatory toxins are in
orange, tyrosines in structurally conserved
regions of α and β toxins are in magenta,
disulfide bridges are in yellow, α helices are in
red and β strands are in green. The figure was
prepared using the program SETOR [44].
positioned half way between strands β1 and β2, in the
neighborhood of Tyr48 and Cys49.
Apart from being anchored onto the large N-terminal
module by the nonconserved disulphide bridge, helix α2 is
held by several hydrogen bonds with residues projecting
from all three strands of the β sheet: Cys69 O–Tyr41 OH,
Asp70 Oδ1–Asn3 Nδ2 and Asp70 Oδ1–Tyr48 OH
(Figure 5). Asp70 is located at the point where the α2 helix
unwinds, yet it seems to be crucial for holding the helix. In
addition to the two above-mentioned hydrogen bonds,
Asp70 Oδ2 forms a salt-bridge interaction with Nζ of Lys66
in the α2 helix (Figure 5). The fairly modest mobility of
the α2 helix (average B = 29 Å2 for the main chain atoms,
compared to overall average B = 27 Å2 for all the protein
atoms) probably reflects the system of interactions with the
main N-terminal module. It should be noted that the
residues involved in the stabilization of the α2 helix (Asn3,
Lys66, Asp70, Cys43 and Cys69), are conserved in the exci-
tatory toxins or are located in structurally conserved regions
common to all α and β toxins (Tyr41 and Tyr48; Figure 2
[2]). Therefore, the α2 helix and its mode of stabilization
could be a characteristic of excitatory toxins.
Interestingly, the composition and orientation of the α2
helix are such that its two positively charged residues,
namely Lys66 and Lys67, are ‘sandwiched’ between the two
negatively charged residues Asp63 and Asp70 (Figure 6).
The functional implications of this arrangement of charged
residues in the α2 helix are not clear, but they are evi-
dently part of an array of charged residues on one of the
surfaces of Bj-xtrIT (Figure 6; see below).
The last three residues visible in the electron density of
Bj-xtrIT, Val71, Gln72 and Ile73, are highly mobile. As
replacement of residues 70–76 by a single Gly at position
70 causes a complete loss of activity without affecting the
overall fold of the toxin (as judged by circular dichroism
measurements; Froy et al., unpublished results), it is likely
that this stretch of residues plays an important role in
defining the active interaction surface of the toxin facing
the sodium channel. Caution should be exerted, however,
1100 Structure 1998, Vol 6 No 9
Figure 6
Distribution of residues on putative interaction
surfaces in Bj-xtrIT and CsE-v3. Aromatic
(magenta) and charged (blue and red)
residues are shown, along with residues
71–73 of Bj-xtrIT (yellow). Bj-xtrIT (a) in the
same orientation as in Figure 4; (b) as in (a)
after removal of residues 70–73, showing
Phe50 exposed at the surface. (c) Bj-xtrIT
after a rotation of 90° about a vertical axis
relative to (a). (d) CsE-v3 in the same
orientation as Bj-xtrIT in (a). The figure was
prepared using the program GRASP [46].
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when attributing a structural interpretation to the effect of
residues 70–76 on Bj-xtrIT activity, because the confor-
mation of residues 70–73 could be severely affected by the
proximity of a symmetry-related molecule. As seen in the
crystal structure, residues 71–73 are involved mostly in
van der Waals interactions with residues in the vicinity of
Phe50 at the end of strand β3, with only one strong hydro-
gen bond between Ile72 O and Ser39 Oγ at the beginning
of strand β2 (Figures 2–4). Support for the proximity of
residues 70–73 to residues in the N-terminal module is
provided by the strong NOE interactions between the
equivalent entities observed in the solution NMR study
on AaHIT [24].
The elusive interaction surface of Bj-xtrIT 
Attempts to characterize the structural elements making
up the interaction surface between toxins and the sodium
channel have relied on mutational analysis and inspection
of the available 3D structures of the toxins. Thus, exami-
nation of the structures of AaHII and CsE-v3 has focused
attention on the CHS and the variable disposition of
charged residues in its vicinity as major factors contribut-
ing to the specific interaction between these toxins and
the channel [18,19,25]. Recent mutational analysis of the
highly insecticidal α neurotoxin LqhαIT (Leiurus quinques-
triatus hebraeus α insect toxin) has highlighted charged and
aromatic residues that are somewhat removed from the
CHS as crucial components for interaction with the
channel [23,28]. In other studies, the similar spatial dispo-
sition of charged residues in structurally unrelated toxins
has been used to rationalize their similar mode of action
on sodium channels [29,30].
Bearing this in mind, it seemed logical to look for patches of
aromatic and charged residues as likely candidates for par-
ticipation in the interaction surface of Bj-xtrIT. A clue to
the location of this surface was provided by the detrimental
effect  on the activity of the toxin of removing residues
70–76 (Froy et al., unpublished results). To visualize the
structural consequences of this deletion, we compared the
CPK models of the intact structure and a model structure
lacking residues 70–73 (as mentioned above, residues 74–76
are missing from our model; Figure 6a and b). It can be
clearly seen in the figures that residues 70–73 are adjacent
to a region equivalent to the CHS identified in studies of α
and β toxins [18,19]. The putative interaction surface of, for
example, CsE-v3 shown in Figure 6d evidently demon-
strates the densely packed, charged residues and the aro-
matic patch of the CHS made up of Tyr38, Tyr40, Tyr42
and Trp47. In contrast, only one conserved tyrosine,
namely Tyr41 (Figure 2), is exposed in the equivalent posi-
tion in Bj-xtrIT (Figure 6a) and is separated from Trp44
and Tyr68, whereas Phe50 is buried by residues 70–73
(Figure 6a and b). It seems, therefore, that the contribution
of aromatic residues on this surface to the interaction with
the channel might be small.
In contrast to CsE-v3, charged residues sparsely populate
the surface in Bj-xtrIT and are concentrated only in one
segment of the rim (Figure 6). Rotation of the model by
90° (Figure 6c), however, reveals a surface strewn with
charged residues arranged in adjacent arrays of opposite
charges (e.g. Gln53, Asp54 and Asp55 next to Lys1 and
Lys2). In fact, eight out of the ten positively charged
residues in Bj-xtrIT, including His25, and six out of the
nine negatively charged residues, are located on this
surface. Of particular interest is the appearance of charged
residues that are conserved in the excitatory toxins, such
as Lys1, Lys2, Asp54, Asp55, Lys56, Asp63, Lys66 and
Asp70 (Lys2 and Asp54 are relatively conserved residues
among all scorpion toxins; [2]). Removal of residues 70–73
would result in a breakdown of the salt bridge Asp70
Oδ2–Lys66 Nζ and would disrupt the balance of charges
on this surface (Figure 6c). Thus, it is possible that the
C-terminal residues 70–76 are presented to the channel as
part of a larger interaction surface, while shielding con-
served hydrophobic residues and balancing the charge
distribution on this surface. The exact identity of the
residues constituting the complete interaction surface is
yet to be determined, but they may well be residues from
the two surfaces presented in Figure 6a and c.
Intriguing questions regarding the structural basis of the
specificity of Bj-xtrIT and other excitatory toxins emerge
from the distinctive structure of this toxin. The structural
information, together with mutational analyses utilizing
the available expression system, will undoubtedly provide
the information that is essential for understanding the
involvement of the C-terminal residues and, potentially,
other parts of the toxin, in determining the specificity of
excitatory toxins.
Biological implications
Scorpion excitatory toxins affect, exclusively, insect
sodium channels and are distinctive in their sequence,
mode of action and receptor-binding site. They induce
spastic paralysis, attributed to the general activation of the
skeletal musculature as a result of an excitatory presy-
naptic action on motor nerves that leads to repetitive
firing. This firing is due to an increase in the sodium
current and a delay in its cessation. Excitatory toxins are
of interest because of their special mode of action on
sodium channels and because of their potential use as
highly specific insecticides. Despite this great interest,
structure–function studies on excitatory toxins have been
hampered by the lack of efficient expression systems.
The excitatory toxins are usually ~70 residues long and
one of their four disulfide bridges is shifted in compari-
son to the sequences of other known α and β scorpion
toxins. The structure of a 76 amino acid excitatory toxin
from the scorpion Buthotus judaicus (Bj-xtrIT), pre-
sented here, is the first high resolution three-dimensional
Research Article  Distinctive excitatory toxin structure Oren et al.    1101
structure of a member of this special group of toxins to
be reported. Most surprisingly, our study reveals that
although the N-terminal part of the structure resembles
the conserved fold of α and β toxins, the C-terminal part
adopts a completely different topology with an additional
short helix being the most prominent feature. Prelimi-
nary mutational analysis indicates that a few residues
beyond this helix, located towards the very end of the
protein, are crucial for maintaining its activity. Interest-
ingly, these residues are located in the vicinity of
residues in other scorpion toxins that are implicated in
being involved in the interaction of the toxin with the
sodium channel. Further biochemical studies combined
with analysis of the 3D model are required, however, in
order to better characterize the residues making up the
toxin surface that interacts with the channel. The
recently developed expression system and the 3D struc-
ture of Bj-xtrIT pave the way for identifying the struc-
tural determinants involved in the bioactivity and anti-
insect selectivity of excitatory toxins.
Materials and methods
Crystallization
Details of the bacterial expression, purification and characterization of
Bj-xtrIT will be described elsewhere (Froy et al., unpublished results).
Screening for crystallization conditions of Bj-xtrIT was performed with a
sparse-matrix approach [31] using the Crystal Screen kits from
Hampton Research (Riverside, CA). The protein was crystallized using
the hanging-drop vapor-diffusion technique at 21°C. Drops of 1–2 µl of
10 mg/ml Bj-xtrIT in 10 mM HEPES, pH 7.0, and an equal volume of
the crystallization solution (0.1 M MES, pH 6.5, 10% dioxane, 1.6 M
ammonium sulfate) were allowed to equilibrate against 500 µl of crys-
tallization solution. Octahedrally shaped crystals (0.7 × 0.3 × 0.3 mm)
appeared after 7 days. The crystals are tetragonal, the space group is
I4122 and the unit-cell dimensions are: a, b = 40.82, c = 191.36 Å,
with one molecule in the asymmetric unit. 
For preparation of the heavy-atom derivative, a crystal was transferred
to a stabilization solution consisting of 10% dioxane, 2 M ammonium
sulfate, 0.1 M MES, pH 6.5. After 2 h the crystal was transferred to an
identical medium containing 0.5 mM KAu(CN)2 (ICN, California) and
soaked for 22 h.
Data collection
Data were collected at room temperature by exposing crystals
mounted in glass capillaries to an X-ray beam from an RU-300 genera-
tor (Rigaku, Japan) run at 50 KV/100 mA. The beam was focused by
two 6 cm Supper mirrors (Natick, MA). Diffraction data were recorded
using an Raxis II image plate detector with a typical exposure of 15 min
and 0.5° oscillation per frame. Intensities were integrated, reduced and
scaled by the HKL package [32]. The statistics of data collection are
shown in Table 1.
Isomorphous replacement
A single and identical heavy-atom site was detected in both the isomor-
phous and anomalous difference Patterson maps. The site coincided
with one of the special positions of the space group on the twofold axis
at X, 1/4, 1/8. For convenience, the site coordinates were chosen as
0.250, 0.594, 0.375. The Y coordinate of the site and the isomorphous
and anomalous occupancy factors were refined using the program
MLPHARE [33]. The overall figure of merit for all the reflections in the
resolution range 2–12 Å was 0.63, with a phasing power of 2.0 and
2.95 for the centric and acentric reflections, respectively (Table 1). The
electron-density map was readily interpretable in most places at that
stage, but one round of solvent flattening, using the program DM
[33,34], was performed and an electron-density map of excellent
quality was obtained (Figure 1).
Model building and refinement
Residues 1–71 of Bj-xtrIT and the initiation methionine at the N terminus
could be traced unambiguously in the solvent-flattened electron-density
map using the program O [35]. Residues 72 and 73 were added to the
model at later stages of the refinement, but attempts to trace and refine
the last 3 residues of the protein, namely residues 74–76, failed.
The model was refined using the program CNS [36]. Experimental
phases were included throughout most of the refinement process and
were combined with the phases derived from the model, according to a
weighting scheme calculated within the program as part of the maximum-
likelihood refinement [37,38]. Minor adjustments to the model as a whole
were applied initially by a rigid-body refinement against data in the
3–20 Å resolution range yielding a R factor of 0.41 and R free of 0.42
[39]. Several rounds of simulated annealing combined with Powell mini-
mization produced a model for which the agreement factor is 0.209 (R
free = 0.256; Table 1) for reflections with F>2σ(F) in the resolution range
2.1–20 Å. The final model consists of 664 atoms, including 71 water
molecules (Table 1). The average temperature factor of the structure is
31 Å2 (27 Å2 for the protein atoms). The overall geometry of the model is
very good, with 54 non-glycine and non-proline residues (89%) lying
within the most favored regions of the Ramachandran plot [40] and the
remaining 7 (11%) within additional allowed regions. The coordinate
error according to cross-validated Luzzati plot [41,42] is 0.3 Å. 
Accession numbers
The final coordinates and structure factors have been deposited in the
Brookhaven Protein Data Bank with the code 1bcg.
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